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Therma l  b a r r i e r  c o a t i n g  l i f e  mode ls  d e v e l o p e d  
u n d e r  t h e  NASA L e w i s  R e s e a r c h  C e n t e r ’ s  Hot S e c t i o n  
T e c h n o l o g y  (HOST) p r o g r a m  a r e  summar i zed .  An i n i t i a l  
l a b o r a t o r y  model  and  t h r e e  
,--. 
d i s c u s s e d :  C u r r e n t  u n d e r s  
mechanisms a r e  a l s o  summar 
INT?ODUCTION 
Therma l  b a r r i e r  c o a t i  
d e s i g n - c a p a b l e  m o d e l s  a r e  
a n d i n g  o f  c o a t i n g  f a i l u r e  
zed .  
as  a r e  b e i n a  d e v e l o o e d  f o r  
p r o t e c t i n g  a i r - c o o l e d  t u r b i n e  b l a d e s  and  vapes ’  i n  a i r - ”  
c r a f t  gas t u r b i n e  e n g i n e s .  The c u r r e n t  s t a t e - o f - t h e - a r t  
c o a t i n g  s y s t e m  c o n s i s t s  o f  a b o u t  0 . 2 5  mm o f  a z i r c o n i a -  
y t t r i a  c e r a m i c  o v e r  0 . 1 3  mm o f  a n  MCrAlY a l l o y  bond 
c o a t .  B o t h  l a y e r s  a r e  a p p l i e d  b y  p l a s m a  s p r a y i n g .  The 
b e n e f i t s  a r i s e  from t h e  i n s u l a t i o n  p r o v i d e d  b y  t h e  
c e r a m i c  l a y e r .  T h i s  i n s u l a t i o n  a l l o w s  h i g h e r  gas tem- 
p e r a t u r e s ,  l o w e r  component  t e m p e r a t u r e s ,  r e d u c e d  c o o l -  
i n g  a i r  r e q u i r e m e n t s ,  m o d e r a t i o n  o f  t h e r m a l  t r a n s i e n t s ,  
a n d / o r  a d e c r e a s e  i n  t h e  s e v e r i t y  o f  h o t  s p o t s .  T h i s  
y i e l d s  i m p r o v e m e n t s  i n  p e r f o r m a n c e ,  e f f i c i e n c y .  and  com- 
p o n e n t  d u r a b i l i t y .  F u t u r e  e n g i n e  d e s i g n s  a r e  e x p e c t e d  
to  r e l y  h e a v i l y  o n  t h e r m a l  b a r r i e r  c o a t i n g s .  Thus l i f e  
m o c e l s  a r e  r e q u i r e d  t o  a s s e s s  t h e  r i s k s  a s s o c i a t e d  w i t h  
any  g i v e n  d e s i g n  and  t o  i n s u r e  t h a t  t h e s e  c o a t i n g s  can  
be e x p l o i t e d  f u l l y .  F u r t h e r  d e t a i l s  may be f o u n d  i n  
M i l l e r  ( 1 9 8 7 ) .  DeMasi e t  a l . ,  ( 1 9 8 8 ) ,  S t rangman  e t  a l . ,  
( 1 9 8 7 1 ,  and H i l l e r y  ( 1 9 8 7 ) .  
The NASA t h e r m a l  b a r r i e r  c o a t i n g  l i f e  model  d e v e l -  
opmen t  p r o g r a m  c o n s i s t e d  i n i t i a l l y  o f  an i n - h o u s e  p r o -  
g ram d e s i g n e d  t o  i m p r o v e  u n d e r s t a n d i n g  and  t o  d e v e l o p  a 
model  s u i t a b l e  f o r  t r e a t i n g  l a b o r a t o r y  l i f e  d a t a  
( M i l l e r ,  1 9 8 7 ) .  T h i s  work  was t h e n  e x t e n d e d  v i a  t h r e e  
c o n t r a c t s  u n d e r  t h e  HOST p r o g r a m  t o  t h e  d e v e l o p m e n t  o f  
d e s i g n - c a p a b l e  m o d e l s  (DeMasi  e t  a l . ,  1988;  S t rangman  
e t  a l . ,  1987 ;  H i l l e r y  e t  a l . ,  1 9 8 7 ) .  These c o n t r a c t s  
were d e v i s e d  d e t e r m i n e  t h e r m o m e c h a n i c a l  p r o p e r t i e s ,  t o  
a n d l y z e  c o a t i n g  s t r e s s e s  and s t r a i n s ,  and  t o  d e v e l o p  
l i z e  m o d e l s .  Phase I o f  each  c o n t r a c t  has now been  suc-  
c e s s f u l l y  c o m p l e t e d ,  and  t h e  r e s u l t s  w i l l  be summar i zed  
i n  t h i s  p a p e r .  
COATING FAILURE MECHANISMS 
A b a s i c  u n d e r s t a n d i n g  of c o a t i n g  f a i l u r e  mechanisms 
i s  a p r e r e q u i s i t e  t o  t h e  d e v e l o p m e n t  o f  l i f e  p r e d i c t i o n  
m o d e l s .  F a i l u r e  mechanisms i n  gas t u r b i n e  e n g i n e s  and  
i n  l a b o r a t o r y  s i m u l a t i o n s  have been d i s c u s s e d  i n  d e t a i l  
e l s e w h e r e  ( e . g . ,  M i l l e r ,  1987 ;  DeMasi e t  a l . ,  1988;  
S t rangman  e t  a l . ,  1987 ,  H i l l e r y  e t  a l . ,  1 9 8 7 ) .  T h e r e  
i s  now g e n e r a l  a g r e e m e n t  t h a t  t h e s e  c o a t i n g s  f a i l  p r i -  
m a r i l y  as a r e s u l t  of s t r e s s e s  i n d u c e d  b y  t h e  t h e r m a l  
e x p a n s i o n  m i s m a t c h  be tween  t h e  c e r a m i c  and  m e t a l l i c  
l a y e r s ,  and  t h a t  t h e s e  s t r e s s e s  a r e  g r e a t l y  i n f l u e n c e d  
b y  t i m e - a t - t e m p e r a t u r e  p r o c e s s e s  such  as o x i d a t i o n  and  
p o s s i b l y  s i n t e r i n g .  The s t r e s s  s t a t e  i n  t h e  c e r a m i c  
l a y e r  w h i c h  l e a d s  t o  c r a c k  p r o p a g a t i o n  and e v e n t u a l  
s p a l l i n g  i s  one  of b i a x i a l  c o m p r e s s i o n  i n  t h e  p l a n e  o f  
t h e  c o a t i n g  and  r a d i a l  t e n s i o n .  These s t r e s s e s  a r e  f u r -  
t h e r  c o m p l i c a t e d  b y  t h e  wavy and  i r r e g u l a r  i n t e r f a c e  
be tween  t h e  c e r a m i c  and  m e t a l l i c  l a y e r s .  I n  f a c t ,  
HOST-sponsored c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  r a d i a l  
s t r e s s e s  above  a wavy i n t e r f a c e  may a c t u a l l y  a l t e r n a t e  
b e t w e e n  r e g i o n s  o f  c o m p r e s s i o n  and  t e n s i o n  as i l l u s -  
t r a t e d  i n  F i g .  1 (Chang e t  a l . ,  1 9 8 7 ) .  F i g u r e  2 
i l l u s t r a t e s  t h a t  t h e  b e h a v i o r  o f  p lasma s p r a y e d  
z i r c o n i a - b a s e d  t h e r m a l  b a r r i e r  c o a t i n g s  d i f f e r s  s i g n i f i -  
c a n t l y  from t h e  b e h a v i o r  o f  c o n v e n t i o n a l  c e r a m i c s .  T h i s  
b e h a v i o r ,  w h i c h  i s  b e l i e v e d  t o  r e s u l t  f rom t h e  s p l a t  
s t r u c t u r e ,  i n c l u d e s  v e r y  low t h e r m a l  c o n d u c t i v i t y  and 
v e r y  h i g h  c o m p r e s s i v e  s t r a i n  t o l e r a n c e .  I n - p l a n e  t e n -  
s i l e  s t r a i n  t o l e r a n c e  o f  t h e  c o a t i n g  s y s t e m  i s  a l s o  v e r y  
h i g h  because  s u c h  l o a d i n g  may l e a d  t o  s e g m e n t a t i o n  
c r a c k i n g  i n  t h e  c e r a m i c  w i t h  n o  d e g r a d a t i o n  t o  t h e  
a t t a c h m e n t  s t r e n g t h .  P lasma s p r a y e d  z i r c o n i a - y t t r i a  
a l s o  e x h i b i t s  c r e e p - l i k e  b e h a v i o r ,  p r e s u m a b l y  as a 
r e s u l t  o f  s l i d i n g  a t  t h e  s p l a t  b o u n d a r i e s ,  and  f a t i g u e -  
l i k e  b e h a v i o r ,  p r e s u m a b l y  as a r e s u l t  o f  slow c r a c k  
g r o w t h .  E x p e r i m e n t a l  e v i d e n c e  o f  s l o w  c r a c k  g r o w t h  ( o r  
m i c r o c r a c k  l i n k  u p ) ,  c r e e p ,  and  f a t i g u e  a r e  p r e s e n t e d  
i n  DeMasi e t  a l . ,  ( 1 9 8 8 ) .  
I N I T I A L  LABORATORY MODEL DEVELOPMENT 
A p r e l i m i n a r y  l i f e  p r e d i c t i o n  model  has been 
d e s c r i b e d  ( M i l l e r ,  1987;  M i l l e r ,  1984 ;  M i l l e r  e t  a l . ,  
1 9 8 4 ) .  T h i s  model  assumed t h a t  t h e  como lex  s t a t e  o f  
1 
; t r e s s  and s t r a i n  imposed  o n  t h e  c o a t i n g  s y s t e m  b y  t h e  
t h e r m a l  l o a d s  c o u l d  be e x p r e s s e d  i n  t e r m s  o f  a s i n g l e  
p a r a m e t e r .  T h i s  p a r a m e t e r  was l a b e l l e d  c r  -- w h i c h  was 
t a k e n  t o  be t h e  r a d i a l  component  of t h e  t h e r m a l  expan-  
s i o n  m i s m a t c h  s t r a i n .  N e x t  i t  was assumed t h a t  t h e  
t i m e - a t - t e m p e r a t u r e  e f f e c t s  c o u l d  be t r e a t e d  i n  t e r m s  
3 f  G x i d a t i o n  a l o n e  and  t h a t  o x i d a t i o n  c o u l d  be c h a r a c -  
t e r i z e a  b y  t h e  w e i g h t  g a i n  a t  t h e  c o n c l u s i o n  o f  each  
c : ic le  "?.I. Then,  w e i g h t  g a i n  and  s t r a i n  were  r e l a t e d  
. s i n g  e i t h e r  o f  two a l t e r n a t e  a p p r o a c h e s .  I n  t h e  f i rst  
r a s e .  a e p i c t e d  i n  F i g .  3 ( a ) ,  a n  o x i d i z e d  c o a t i n g  i s  
3 jsumea t o  benave  as i f  a n  e f f e c t i v e  s t r a i n  c e  i s  
i n c r e a s i n g .  A t  z e r o  w e i g h t  g a i n  t h i s  e f f e c t i v e  s t r a i n  
? i u a i s  r b e  r - a d i a l  s t r a i n  E,-. A t  a c r i t i c a l  w e i g h t  g a i n  
;I,- -- ; e f i r ; e d  a; ;ne !we igh t  g a i n  r e q u i r e d  t o  f a i l  t h e  
c z a t i n g  'n a s i n g l e  c y c l e  --. t h e  e f f e c t i v e  s t r a i n  e q u a l s  
a i a i ! b r . e  5: ra in  c f .  T h i s  l e a d s  to  t h e  e x p r e s s i o n  
( 1 )  
where  t h e  e x p o n e n t  m has been  added  t o  a l l o w  t h e  c u r v e  
i n  F i g .  3 ( a )  t o  be n o n l i n e a r .  The a l t e r n a t e  a s s u m p t i o n  
( M i l l e r ,  1987)  i s  t o  assume t h a t  t h e  f a i l u r e  s t r a i n  
d e g r a d e s  from an i n i t i a l  v a l u e  q o  t o  a f i n a l  v a l u e  
e q u a l  t o  c y .  T h i s  c a s e ,  i l l u s t r a t e d  i n  F i g .  3 ( b )  l e a d s  
t o  t h e  e x p r e s s i o n  
C r a c k s  i n  t h e  c e r a m i c  l a y e r  may b e  assumed t o  g r o w  
a c c o r d i n g  t o  a c r a c k  g r o w t h  l a w  o f  t h e  f o r m  
dA -dN = AeebaC 
( 2 )  
( 3 )  
v h e r e  d a / d N  i s  t h e  i n c r e m e n t a l  c r a c k  g r o w t h  p e r  c y c l e ,  
A i s  a c o n s t a n t ,  b and  c a r e  e x p o n e n t s  r e l a t e d  t o  
t h e  s u b c r i t i c a l  c r a c k  g r o w t h  e x p o n e n t ,  and  a i s  t h e  
c r a c k  l e n g t h .  The model  r e s u l t i n g  f rom e x p r e s s i o n  1 i s  
( 4 )  
n= 1 
and  t h e  a l t e r n a t i v e  model  r e s u l t i n g  from e x p r e s s i o n  2 i s  
I n = l  
I 
These mode ls  may a l s o  b e  d e r i v e d  from t h e  f a m i l i a r  
f a t i g u e  e x p r e s s i o n  ( M i l l e r  e t  a l . ,  1984;  Manson,  1966)  
-b  
Nf = C<) 
and  M i n e r ' s  Law 
Nf 
where  Nfn i s  t h e  a p p a r e n t  number of c y c l e s  r e m a i n i n g  
a f t e r  c y c l e  N and  w e i g h t  g a i n  Wn. 
F i g u r e  4 i l l u s t r a t e s  t h e  f i t s  o b t a i n e d  u s i n g  
e x p r e s s i o n  4 a n d  a p p l y i n g  i t  t o  l i f e  d a t a  c o l l e c t e d  a t  
1100 O C  f o r  t h r e e  d i f f e r e n t  c y c l e  l e n g t h s .  I t  s h o u l d  
be m e n t i o n e d  t h a t  t h e  s e t  o f  p a r a m e t e r s  g i v e n  i n  t h e  
f i g u r e  a r e  n o t  u n i q u e .  Numerous o t h e r  s e t s  p r o v i d e  
e q u a l l y  good  f i t s .  F o r  examp le  r a i s i n g  t h e  assumed 
v a l u e  o f  b w h i l e  l o w e r i n g  t h e  s t r a i n  r a t i o  p r o d u c e s  
an e q u a l l y  good  f i t .  A l s o ,  t h e  l i f e  d a t a  can  be F i t  
e q u a l l y  w e l l  u s i n g  e x p r e s s i o n s  4 or 5 .  
DESIGN-CAPABLE L I F E  MODELING 
W h i l e  t h e  above  model  r e p r e s e n t e d  a f i r s t  s:ep i t  
was n o t  i n  a form w h i c h  w o u l d  be of use to  an e n g i n e  
d e s i g n e r .  T h e r e f o r e  t h r e e  c o n t r a c t s  were i n s t i t u t e d  
u n d e r  t h e  HOST p r o g r a m  w h i c h  were a imed  a t  t h e  d e v e l o p -  
men t  of d e s i g n - c a p a b l e  m o d e l s .  
a l o n g  w i t h  s u b c o n t r a c t o r  S o u t h w e s t  R e s e a r c h  I n s t i t u t e ,  
d e v e l o p e d  a f a t i g u e - b a s e d  c o a t i n g  l i f e  model  w h i c h  uses 
M i n e r ' s  Law ( e x p r e s s i o n  7 )  a l o n g  w i t h  e x p r e s s i o n  6 
r e w r i t t e n  as  
P r a t t  & W h i t n e y  A i r c r a f t  (DeMasi  e t  a l . .  1 9 8 8 ) .  
-b 
N f -(?.!.)  AEf ( 8  
where  A c i  i s  t h e  i n e l a s t i c  s t r a i n  r a n g e  d e f i n e d  b y  
( 9 )  
The t e r m  A(a AT) i n  t h e  above  e x p r e s s i o n  i s  t h e  t h e r -  
mal  e x p a n s i o n  m i s m a t c h  s t r a i n  ( w h i c h  was e x p r e s s e d  i n  
t e r m s  o f  i n  t h e  p r e v i o u s  s e c t i o n ) ,  i s  t h e  
s t r a i n  r e s u l t i n g  from t h e  h e a t i n g  t r a n s i e n t ,  A c c  i s  
t h e  s t r a i n  r e s u l t i n g  from t h e  c o o l i n g  t r a n s i e n t ,  and 
oys lE i s  t h e  e l a s t i c  s t r a i n  a t  y i e l d i n g .  The assumed 
r e l a t i o n s h i p  b e t w e e n  o x i d a t i o n  and s t r a i n ,  a n a l o g o u s  t o  
e x p r e s s i o n  2 ,  was 
. c  , . d  
(10) 
where  o x i d a t i o n  has  been e x p r e s s e d  i n  t e r m s  o f  t h e  
o x i d e  l a y e r  t h i c k n e s s  6 r a t h e r  t h a n  t h e  s p e c i f i c  
w e i g h t  g a i n  w .  The i n e l a s t i c  s t r a i n  r a n g e  was c a l c u -  
l a t e d  u s i n g  f i n i t e  e l e m e n t  t e c h n i q u e s  w h i c h  emp loyed  a 
t i m e  d e p e n d e n t  i n e l a s t i c  model  d e v e l o p e d  b y  W a l k e r  
( 1 9 8 3 ) .  F i g u r e  5 shows a n  examp le  o f  t h e  u s e  of t h i s  
model  to  c a l c u l a t e  c o m p r e s s i v e  and t e n s i l e  s t r a i n s  w h i c h  
may be compared  w i t h  e x p e r i m e n t a l  d a t a .  I n  F i g .  6 t h e  
c e r a m i c  s t r e s s - s t r a i n  b e h a v i o r  i s  c a l c u l a t e d  f o r  a s i n -  
g l e  c y c l e .  
r e v e r s e d  i n e l a s t i c  s t r a i n  p r o d u c e d  b y  t h e r m a l  c y c l i n g .  
F i g u r e  7 shows a p l o t  o f  o b s e r v e d  v e r s u s  c a l c u l a t e d  
l i v e s  f o r  a w i d e  r a n g e  o f  t e s t  c o n d i t i o n s .  A s  shown i n  
t h e  f i g u r e  t h e  model  i s  a c c u r a t e  t o  p l u s  o r  m i n u s  a f a c -  
t o r  o f  3,  w h i c h  i s  c o n s i d e r e d  a d e q u a t e .  
Company ( S t r a n g m a n  e t  a l . ,  1987)  may be e x p r e s s e d  as 
T h i s  f i g u r e  d i s p l a y s  t h e  l a r g e  amount  of 
The model  d e v e l o p e d  b y  t h e  G a r r e t t  T u r b i n e  E n g i n e  
( 7 )  
n= 1 
ORIGINAL PAGE rs 
OB POOR QUALITY 
L 
E q u a t i o r l  1 1  i s  e x p r e s s e d  s c h e m a t i c a l l y  i n  F i g .  8 w h i c h  
jnOWS t h a t  t h e  model  c o n s i d e r s  bond  c o a t  o x i d a t i o n ,  z i r -  
c o n i a  t o u g h n e s s  r e d u c t i o n ,  a n d  damage due t o  m o l t e n  s a l t  
d e p o s i t s .  The model  i s  d r i v e n  b y  t h e  t h e r m a l  a n a l y s i s  
,if t h e  componen t  o f  i n t e r e s t  f o r  i t s  a n r i c i p a t e d  m i s -  
; i o n .  The l e f t  s i d e  o f  t h e  d e n o m i n a t o r  i n  e x p r e s s i o n  1 1  
i j  d e t e r m i n e d  f rom t e s t  d a t a  c a l i b r a t i o n s  i s  
+ 0 .1811  MTBREF 
- 1  - I  
+ ( e x p [ - 0 . 0 4 1 (  +2731 + C 2 1 )  ( s ~ p [ - 0 . 0 1 5 ( T  + 273)  + i l l )  
( 1 2 )  
Ahere  MTBREF i s  a m u l t i t e m p e r a t u r e  b u r n e r  r i g  e x p e r i -  
2nce  f a c t o r  k h i c h  f o r c e s  p r e d i c t i o n s  and  e x p e r i m e n t  i n t o  
i g r e e m e n t .  The r i g h t  s i d e  o f  t h e  d e n o m i n a t o r  i n  e x p r e s -  
? i o n  1 1  i s  c a l c u l a t e d  u s i n g  a G a r r e t t - d e v e l o p e d  model  
( S t - a n g m a n ,  1984 ;  S t rangman  e t  a l . .  1 9 8 7 ) .  I n  p r a c t i c e ,  
:ne model  i s  d r i v e n  b y  t h e r m a l  a n a l y s i s  o f  t h e  component  
of i n t e r e s t .  An examp le  o f  t h e  a p p l i c a t i o n  o f  t h e  t h e r -  
mal b a r r i e r  c o a t i n g  l i f e  model  t o  l a b o r a t o r y  t e s t  d a t a  
I s  shown i n  F i g .  9 ,  and m i s s i o n  a n a l y s i s  p r e d i c t i o n s  a r e  
shown i n  F i g .  1 0 .  
The a p p r o a c h  used  b y  t h e  G e n e r a l  E l e c t r i c  Company 
( H i l l e r y  e t  a l . ,  1987)  e m p l o y e d  t i m e - d e p e n d e n t ,  n o n l i n -  
e a r  f i n i t e  e l e m e n t  m o d e l i n g  o f  t h e  s t r e s s e s  and  s t r a i n s  
p r e s e n t  i n  t h e  t h e r m a l  b a r r i e r  c o a t i n g  s y s t e m ,  f o l l o w e d  
b y  t h e  c o r r e l a t i o n  o f  t h e s e  s t r e s s e s  and  s t r a i n s  w i t h  
t e s t  l i v e s .  The l i f e  model  d e v e l o p e d  u s i n g  t h i s  
a p p r o a c h  may be e x p r e s s e d  as 
c 
( 1 3 )  
where  ~ C R Z  i s  t h e  s h e a r  s t r a i n  r a n g e ,  A E R  i s  t h e  n o r -  
mal s t r a i n  r a n g e ,  and  Nf i s  t h e  number o f  c y c l e s  t o  
f a i l u r e .  The above  model  i s  t h e  o n l y  o n e  t o  c o n s i d e r  
f a i l u r e  i n d u c e d  b y  edges  and hence  i s  t h e  on ly  one  t o  
c o n s i d e r  s h e a r  s t r a i n .  E x p r e s s i o n  13  i s  i l l u s t r a t e d  
g r a p h i c a l l y  i n  F i g .  1 1  
CONCLUDING REMARKS 
I n  c o n c l u s i o n ,  t h e  m a t e r i a l s  and  s t r u c t u r a l  a s p e c t s  
o f  t h e r m a l  b a r r i e r  c o a t i n g s  h a v e  been  s u c c e s s f u l l y  i n t e -  
g r a t e d  u n d e r  t h e  NASA HOST p r o g r a m  t o  p r o d u c e  m o d e l s  
w h i c h  may now o r  i n  t h e  n e a r  f u t u r e  be u s e d  i n  d e s i g n .  
E f f o r t s  on t h i s  p r o g r a m  c o n t i n u e  a t  P r a t t  & W h i t n e y  A i r -  
c r a f t  where  t h e i r  model  i s  b e i n g  e x t e n d e d  t o  t h e  l i f e  
p r e d i c t i o n  o f  p h y s i c a l  v a p o r  d e p o s i t e d  t h e r m a l  b a r r i e r  
c o a t i n g s .  
s h o u l d  a l s o  be n o t e d  t h a t  many new and  unanswered  ques-  
t i o n s  have  been  r a i s e d  b y  t h i s  work. F o r  e x a m p l e ,  t h e  
e f f e c t s  o f  c r e e p  and  i n e l a s t i c i t y  i n  b o t h  t h e  c e r a m i c  
and  bond  c o a t  l a y e r s  a r e  p o o r l y  u n d e r s t o o d .  
W h i l e  t h e  HOST p r o g r a m  has been  q u i t e  s u c c e s s f u l  i t  
The r o l e  of 
s h e a r i n g  s t r e s s e s ,  i n c l u d i n g  t h e  r o l e  t h a t  s h e a r i n g  a t  
an edge may p l a y  i n  r e d u c i n g  t h e  f a t i g u e  e x p o n e n t ,  is 
n o t  w e l l  u n d e r s t o o d .  The d e t a i l e d  mechan ism b y  vrh ich 
o x i d a t i o n  c o n t r o l s  c o a t i n g  s y s t e m  l i f e  i s  n o t  w e l l  
u n d e r s t o o d  e i t h e r .  A l s o ,  i t  i s  n o t  known w h e t h e r  t h e  
a s s u m p t i o n  o f  a smoo th  i n t e r f a c e ,  commonly emp loyed  t o  
s i m p l i f y  f i n i t e  e l e m e n t  a n a l y s e s  can  l e a d  t o  i n a c c u r a t e  
o r  e v e n  m i s l e a d i n g  r e s u l t s .  O t h e r  a r e a s  o f  u n c e r t a i n t y  
i n v o l v e  t h e  i m p o r t a n c e  o f  s i n t e r i n g  a t  h i g h  t e m p e r a t u r e s  
and  h o t  c o r r o s i o n  a t  r e l a t i v e l y  low t e m p e r a t u r e s .  
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FIGURE 1. - SCHEMATIC REPRESENTATION OF CALCULATED RADIAL 
THERMAL EXPANSION MISMATCH STRESS ABOVE A WAVY INTER- 
FACE. 
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FIGURE 2, - SCHEMATIC REPRESENTATION OF THERMAL MECHANICAL 
PROPERTIES RESULTING FROM COATING SPLAT STRUCTURE. 
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(A )  ASSUMED RELATIONSHIP BETWEEN EFFECTIVE STRAIN 
AND OXIDATIVE WEIGHT GAIN. 
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SPECIFIC WEIGHT GAIN, w 
(B) ASSUMED ALTERNATE RELATIONSHIP BETWEEN FAILURE 
STRAIN AND OXIDATIVE WEIGHT GAIN. 
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FIGURE 4 .  - COMPARISON OF CALCULATED AND MODELED L IFE AS 
HEATING CYCLE LENGTH, t, h r 
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FIGURE 5. - CERAMIC BEHAVIOR MODELED WITH WALKER EQUATION 
ACCORDING TO THE PRATT 8 WHITNEY MODEL. 
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FIGURE 6. - SCHEMATIC OF STRAINS CALCULATED FOR A TYPICAL 
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OBSERVED CYCLE LIFE 
FIGURE 7. - COMPARISON OF CALCULATED AND 
MODELED LIVES ACCORDING TO THE PRATT 8 
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FIGURE 9. - CONSERVATIVE F I T  OF LABORATORY L IFE DATA 
TO THE GARRETT MODEL. 
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FIGURE 10. - MISSION ANALYSIS PREDICTIONS 
BY THE GARRETT MODEL. 
N f 
FIGURE 11. - CORRELATION BETWEEN CALCULATED STRAIN RELA- 
T IONSHIP AND EXPERIMENTAL CYCLES TO FAILURE ACCORDING 
TO THE GENERAL ELECTRIC MODEL. 
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